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Magnetic field-induced particle manipulation is a promising technique for

biomicrofluidics applications. It is simple, cheap, and also free of fluid heating

issues that accompany other common electric, acoustic, and optical methods. This

work presents a fundamental study of diamagnetic particle motion in ferrofluid

flows through a rectangular microchannel with a nearby permanent magnet. Due to

their negligible magnetization relative to the ferrofluid, diamagnetic particles

experience negative magnetophoresis and are repelled away from the magnet. The

result is a three-dimensionally focused particle stream flowing near the bottom

outer corner of the microchannel that is the farthest to the center of the magnet and

hence has the smallest magnetic field. The effects of the particle’s relative position

to the magnet, particle size, ferrofluid flow rate, and concentration on this three-

dimensional diamagnetic particle deflection are systematically studied. The

obtained experimental results agree quantitatively with the predictions of a three-

dimensional analytical model. VC 2011 American Institute of Physics.

[doi:10.1063/1.3618737]

I. INTRODUCTION

A variety of force fields have been demonstrated to implement particle manipulations (e.g.,

focusing,1 trapping, concentration,2 separation, and sorting3,4) in microfluidic devices, among

which electric,5–7 acoustic,8–10 magnetic,11–13 and optical14–16 forces are the most often used

ones. While each of these methods has advantages and disadvantages, magnetic field-induced

particle control via permanent magnets is potentially the simplest and cheapest one. Moreover,

this method is free of fluid heating issues that accompany electric, acoustic, and optical techni-

ques. It is based on magnetophoresis which directs particles either along or against the magnetic

field gradient. In the former, magnetic particles suspended in nonmagnetic solutions experience

positive magnetophoresis and are attracted towards a magnet where the magnetic field is the

highest.17 This phenomenon has been exploited to selectively trap and continuously sort cells or

biomolecules out of a heterogeneous mixture by labeling the target bioparticles with functional-

ized magnetic beads.18–21 It has also been demonstrated to separate paramagnetic red blood

cells from blood without magnetic labeling.22,23 This direction has been and is still the main

focus of current research activities on magnetic microfluidics. Readers interested in this

research area are referred to recent review articles from Pamme,11 Liu et al.,24 and Gijs et al.25

In contrast, much less work has been reported on negative magnetophoresis, where diamag-

netic particles, which cover the majority of synthetic and biological particles, suspended in

magnetic solutions are repelled away from the magnet due to the magnetic buoyancy force.26

So far, two types of magnetic solutions have been used for this purpose, i.e., paramagnetic salts

and ferrofluids. Common paramagnetic solutions such as MnCl2 and GdCl3 have a weak
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magnetic susceptibility.27 Therefore, the salt concentration must be high in order to induce suf-

ficient magnetophoretic particle motion, which, however, renders the paramagnetic solution

non-biocompatible.28 Alternatively, strong magnet(s) (e.g., a superconducting magnet29) must

be used to provide large magnetic fields or the magnet(s) must be brought very close to the sus-

pended diamagnetic particles30 in order to generate large magnetic field gradients. Either of

these requirements greatly increases the difficulty for magnetic particle manipulation within on-

chip planar microchannels. Significant contributions to this area have been made by research

groups around the world such as Pamme in UK,28,29,31 Park in South Korea,32,33 Suwa and

Watarai in Japan,34–36 and Whitesides in USA.27,30,37–39 Their works are reviewed in a recent

article from Suwa and Watarai.40

Ferrofluids are opaque colloidal suspensions of magnetic nanoparticles (made of magnetite,

Fe3O4, and usually of 10 nm in diameter) in pure water or organic oil with surfactants coated

to prevent agglomerations.41 The synthesis of biocompatible ferrofluids has been recently dem-

onstrated feasible by Yellen’s42 and Koser’s43 groups through the use of appropriate stabilizing

surfactants. Ferrofluids usually have a magnetic susceptibility that is several orders of magni-

tude larger than paramagnetic solutions. Therefore, regular permanent and electric magnets nor-

mally suffice to induce negative magnetophoresis for manipulating diamagnetic particles with

varying sizes.44,45 Current research activities in this area can be divided into two directions,

according to the feature of the external magnetic field. In the first direction, a uniform magnetic

field is imposed (e.g., via a permanent magnet that is much larger in size than the microfluidic

chip) to magnetize surface-patterned micromagnets, around which strong magnetic field gra-

dients can then be generated. This method has been used to pattern, concentrate, and sort sub-

micron and even nanometer diamagnetic particles in ferrofluids.46–54 The second direction in

ferrofluids-based particle manipulation research is to utilize the inherent non-uniformity in the

magnetic field around a magnet to induce magnetophoresis. This approach has been mainly

applied to manipulate diamagnetic microparticles including the self-assembly42,55 and continu-

ous-flow separation of particles and cells.43,56

In this work, we perform a comprehensive study of diamagnetic particle motion in ferro-

fluid microchannel flows using a combined experimental and theoretical method. The particle

transport is investigated in both the horizontal and the vertical planes of a rectangular micro-

channel, which demonstrates a three-dimensional particle deflection due to the induced negative

magnetophoresis. We also develop a three-dimensional analytical model to understand the

observed particle behavior in ferrofluid flows, which is validated by the acquired experimental

results. This work is based on a recent paper from Zhu et al.57 who studied the widthwise

deflection of hydrodynamically focused diamagnetic particles in a rectangular microchannel.

Their experimental results agree closely with the predictions of a two-dimensional analytical

model where particles are assumed to be in touch with the bottom channel wall.

II. EXPERIMENT

A. Device fabrication

Fig. 1(a) shows a picture of the microfluidic device used in our experiment. The straight

microchannel (filled with the black-brown ferrofluid) is 2 cm long, 200 lm wide, and 70 lm

deep. It was fabricated with PDMS using the standard soft lithography method, and the detail is

given elsewhere.58 Prior to the dispense of liquid PDMS over the channel master, a prism was

positioned 500 lm away from the edge of the microchannel in order for the side-view imaging

and was fixed to the substrate using a sticky tape. The cured PDMS along with the embedded

prism was then carved out and bonded to a glass slide forming the microfluidic chip. In the

half of the chip without the prism, part of the PDMS was cut out wherein a neodymium

(NdFeB) permanent magnet (B221, K&J Magnetics, Inc.) was placed with its bottom surface in

contact with the glass slide. The distance between the magnet and the microchannel can be var-

ied during the experiment. The magnet has a dimension of 3.176� 3.176� 1.588 (mm) thick,

and is magnetized through thickness which is perpendicular to the microchannel or the flow

direction in our experiment.
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B. Preparation of particle suspensions

EMG 408 ferrofluid was purchased from Ferrotec (USA) Corp. It contains 1.2% magnetic

nanoparticles in volume with a reported viscosity of 1.2� 10�3 kg/m/s,57 and has a saturation

magnetization of 5252 A/m (corresponding to 6.6 mT as per the manufacturer). Green fluores-

cent polystyrene particles of 2.2 lm, 5 lm, and 10 lm in diameters were obtained from Duke

Scientific Corp. They are all packaged as 1% solids in water with size non-uniformity being

less than 5%. Each type of these diamagnetic microparticles was re-suspended in either the

original or a diluted ferrofluid to a final concentration of about 1� 106 particles/ml. The

0.5� (i.e., 0.6% magnetic nanoparticles in volume) and 0.25� (i.e., 0.3% vol.) dilutions were

made by mixing the original ferrofluid with the same and the triple volume of de-ionized water,

respectively. The suspension of 5 lm particles in 0.5� ferrofluid was used as a solution of ref-

erence in our experiment.

C. Particle manipulation and visualization

The particle suspensions in ferrofluids were driven through the microchannel by an infusion

syringe pump (NE-300, New Era Pump Systems, Inc., NY). Teflon tubing (1622L, Upchurch

Scientific) was used to connect the pump to the channel and to transfer the solution out of the

channel. Particle motion was visualized and recorded using an inverted microscope (Nikon

Eclipse TE2000U, Nikon Instruments, Lewisville, TX) equipped with a CCD camera (Nikon

DS-Qi1Mc). The obtained images were then processed using the Nikon imaging software (NIS-

Elements AR 2.30).

III. THEORY

A. Magnetic force

The magnetic “buoyancy” force, Fm, on a diamagnetic particle suspended in a magnetic

fluid is given by12,13

FIG. 1. Picture of the microfluidic device used in the experiment (a) and schematic of the magnet-microchannel system

with coordinates and dimensions indicated (b). The coordinate system originates from the center of the permanent magnet

whose magnetization direction is in line with coordinate z. Note that the magnet and the microchannel are both in direct

contract with the substrate, so that the center of the magnet is not aligned with the central height of the microchannel.
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Fm ¼ �Vpl0 Mf � r
� �

H (1)

where Vp is the volume of the particle, l0¼ 4p� 10�7 H/m is the permeability of free space,

Mf is the effective magnetization of the ferrofluid, and H is the magnetic field at the particle

center. Note that Eq. (1) is valid only when the variation of the applied magnetic field over the

particle volume can be neglected. This assumption is fulfilled in the current work as the perma-

nent magnet is distant from the microchannel and the particles are small in size. The former

fact also enables us to neglect the influence of the magnetic field on the concentration of mag-

netic nanoparticles in the ferrofluid, i.e., the volume fraction of nanoparticles, /, is assumed ho-

mogeneous in the following analysis.

The magnetization of ferrofluids, Mf, is collinear with the static magnetic field, H, pro-

duced by a permanent magnet, and its magnitude, Mf, can be determined using the Langevin

function, L(a), if the volume fraction of magnetic nanoparticles, /, is low,59

Mf

/Md
¼ L að Þ ¼ coth að Þ � 1

a
; (2)

a ¼ pd3l0MdH

6kBT
; (3)

where Md¼ 4.379� 105 A/m is the saturation moment of the magnetic nanoparticles as calculated

from the manufacturer-provided saturation magnetization of the ferrofluid, Msat (¼ 5252 A/m for

EMG 408 with /¼ 1.2%), through Md¼Msat//. Other symbols in Eq. (3) include H, the mag-

netic field magnitude, d, the average diameter of the magnetic nanoparticles, kB, the Boltzmann

constant, and T, the ferrofluid or particle temperature. The components of Mf along the three

directions, Mi (i¼ x, y, z) can be related to those of H, i.e., Hi (i¼ x, y, z), through Eq. (4),

Mi ¼ Mf
Hi

H
: (4)

Theoretically, the ferrofluid (and the diamagnetic microparticles as well) should disturb the

external magnetic field due to its dissimilar permeability from free space. However, this pertur-

bation is essentially small for dilute ferrofluids. Therefore, we can employ Furlani’s analytical

model60 to determine the three-dimensional magnetic field, H¼ (Hx, Hy, Hz), of a rectangular

magnet whose magnetization direction is in line with z coordinate,

Hx x; y; zð Þ ¼ Ms

4p

X2

i¼1

X2

j¼1

�1ð Þiþj
ln

y� y1ð Þ þ x� xið Þ2þ y� y1ð Þ2þ z� zj

� �2
h i1=2

y� y2ð Þ þ x� xið Þ2þ y� y2ð Þ2þ z� zj

� �2
h i1=2

8><
>:

9>=
>;; (5)

Hy x; y; zð Þ ¼ Ms

4p

X2

i¼1

X2

j¼1

�1ð Þiþj
ln

x� x1ð Þ þ x� x1ð Þ2þ y� yið Þ2þ z� zj

� �2
h i1=2

x� x2ð Þ þ x� x2ð Þ2þ y� yið Þ2þ z� zj

� �2
h i1=2

8><
>:

9>=
>;; (6)

Hz x; y; zð Þ ¼ Ms

4p

X2

i¼1

X2

j¼1

X2

k¼1

�1ð Þiþjþk
tan�1 x� xið Þ y� yj

� �
z� zkð Þ x� xið Þ2þ y� yj

� �2þ z� zkð Þ2
h i1=2

8><
>:

9>=
>;; (7)

where Ms¼ 1.05� 106 A/m is the residual magnetization of the permanent magnet as calculated

from the residual magnetic flux density, Bs (¼ 1.32 T as per the manufacturer) through Ms¼Bs/l0.

Other symbols involved in the magnetic field equations are x1¼ xm, x2¼�xm, y1¼ ym,

y2¼�ym, z1¼ zm, and z2¼�zm where xm, ym, and zm represent one half of the dimensions of
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the magnet in the x, y, and z directions, respectively. The coordinates and dimensions for the

magnet-microchannel system are illustrated in Fig. 1(b). Note that the coordinate system origi-

nates from the center of the magnet.

B. Magnetic deflection

The presence of the negative sign in Eq. (1) indicates that the magnetic force, Fm, directs

diamagnetic particles in ferrofluids along the direction of decreasing magnetic field. Using Eqs.

(5)–(7), we obtained the magnetic field distribution with the channel for the current magnet-

microchannel system (see Fig. 1). Table I summarizes the parameters used in the calculation.

Fig. 2 shows the magnetic field contours in the horizontal plane at y¼�ymþ hc/2 with hc the

microchannel height (left plot) and the vertical plane at x¼ 0 (right plot) of the microchannel

(see Fig. 1(b) for the coordinates). It is evident that the permanent magnet generates magnetic

field gradients in all three directions. Specifically in the horizontal plane (i.e., x-z plane, left),

TABLE I. List of the parameters used in the analytical model. Some of the parameters are varied in the experiment, and

their specific values are referred to the text.

Parameter Description Value Unit

Magnet Ms Residual magnetization 1.05� 106 A/m

2xm Length 3.176 mm

2ym Height 3.176 mm

2zm Thickness (polar direction) 1.588 mm

DL Distance between the magnet and the channel edge 1.33 mm

Ferrofluid / Volume fraction of magnetic nanoparticles 1.20% for original

Md Saturation moment of magnetic nanoparticles 4.379� 105 A/m

D Mean diameter of magnetic nanoparticles 10 Nm

g Dynamic viscosity 1.2� 10�3 for original kg/m/s

Diamagnetic particles 2a Particle diameter Three sizes used:

2.2, 5, and 10

lm

Microchannel wc Channel width 200 lm

hc Channel height 70 lm

Q Volume flow rate 480 ml/h

FIG. 2. Force analyses on a diamagnetic particle in ferrofluid field flow in the horizontal (left, partial view) and vertical

(right, i.e., the channel cross-sectional view) planes of the microchannel. The background colors show the contours of the

magnetic field magnitude (in the unit of H/m) in the absence of the diamagnetic particle. The magnet-microchannel config-

uration is referred to Fig. 1. The microchannel and magnet are not drawn to scale.
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diamagnetic particles should be deviated from the x-direction ferrofluid flow and deflected

along the positive z direction toward the channel’s sidewall that is farther from the magnet.

Meanwhile in the vertical plane (i.e., y-z plane, right), the particles should also be deflected

along the negative y direction toward the bottom channel wall, i.e., downwards from the magnet

center. These two phenomena are schematically illustrated in Fig. 2 via the force analysis on a

single particle, where Fs denotes the Stokes drag force.

The above analysis is also supported by the axial distribution of the magnetic force, Fm, on

a 5 lm diamagnetic particle along the channel centerline as demonstrated in Fig. 3. Other pa-

rameters involved in the calculation are summarized in Table. I. The z-component force, Fm,z,

and the y-component force, Fm,y, acquire a positive and a negative value, respectively, within

about 3 mm distance before and after the magnet (i.e., �5 mm< x<þ5 mm). They both reach

the extreme when the particle is on the center-plane of the magnet, i.e., x¼ 0. Similarly, the x-

component magnetic force, Fm,x, also obtains a non-zero value in the same range of x. It, how-

ever, varies from negative (which hinders the particle motion) in the upstream half of the mag-

net to positive (which propels the particle) in the downstream half. The ultimate consequence

of these negative magnetophoretic motions is a three-dimensionally focused particle stream

flowing near the outer bottom corner of the microchannel, the farthest place from the center of

the magnet.

The magnetic deflection of diamagnetic particles in ferrofluid flows is determined by the ra-

tio of the particle velocities, Up, perpendicular and parallel to the flow,

deflectioni ¼
Up;i

Up;x
¼ Um;i

Uf þ Um;x
i ¼ y; zð Þ; (8)

where Uf is the axial flow velocity given by61

Uf ¼
Qp

2wchc
1�

cosh
pz0

hc

� �

cosh
pwc

2hc

� �
2
664

3
775 cos

py0

hc

� �
� 1

27
1�

cosh
3pz0

hc

� �

cosh
3pwc

2hc

� �
2
664

3
775 cos

3py0

hc

� �
8>><
>>:

9>>=
>>;

� 1� 2hc

pwc
tanh

pwc

2hc

� �� �
þ 1

81
1� 2hc

3pwc
tanh

3pwc

2hc

� �� �� 	�1

; (9)

where Q is the volume flow rate of the particle suspension through the microchannel of width

wc and height hc. The auxiliary coordinates y0 and z0 originate from the center of channel cross-

section and are parallel to the y and z coordinates for the magnet (see Fig. 1(b)), respectively.

Note that Eq. (9) contains only the first two terms in the general formula for simplicity, which

is found to cause less than 1% error.57 Additionally, we have neglected the influence of the

magnetic force on ferrofluid velocity in order to use the analytical formula in Eq. (9).

FIG. 3. Axial variations of the three components of the magnetic force, Fm, along the centerline of the microchannel. The

location of the permanent magnet is highlighted in the plot.
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The magnetophoretic particle velocity, Um, in Eq. (8) can be obtained by balancing the

magnetic force, Fm, in Eq. (1) with the Stokes drag force (i.e., Fs in Fig. 2), yielding

Um ¼
Fm

6pgafD
¼ �l0/a2

9gfD

MdL að ÞrH2

H
(10)

where g is the dynamic viscosity of the ferrofluid, a is the radius of the spherical diamagnetic

particle, and fD is the drag coefficient accounting for the particle-wall interactions.63 Equations

(1) and (2) have been used to obtain the term after the second equal sign in Eq. (10). The frac-

tion involving magnetic field is derived based on the fact that the ferrofluid magnetization, Mf,

is collinear with the static magnetic field, H. Therefore, the diamagnetic particle deflection

should increase with increasing ferrofluid concentration, /, and particle size, a. In addition, low-

ering the ferrofluid flow velocity (or flow rate) should also enhance the particle deflection

according to Eq. (8). As the width of the microchannel is nearly three times the depth, we con-

sider only the retardation effects from the top or the bottom wall whichever is closer to the parti-

cle. Moreover, for particle motions parallel (i.e., along the x- and z-directions, see Fig. 1(b)) and

normal (i.e., along the y-direction) to the top/bottom wall, we use different formulae for fD,62

fD;jj ¼ 1� 9

16

a

d


 �
þ 1

8

a

d


 �3

� 45

256

a

d


 �4

� 1

16

a

d


 �5
� ��1

; (11)

fD;? ¼ 1� 9

8

a

d


 �
þ 1

2

a

d


 �3
� ��1

; (12)

where d is the smaller value of the separation distances from the particle center to the top and

the bottom channel walls, respectively.

C. Simulation of particle trajectory

Based on the above analysis, we developed a 3D analytical model to simulate the trajectory

of diamagnetic particles in ferrofluid flows in response to magnetic field gradients. The instanta-

neous position of a particle, rp, was obtained by integrating the particle velocity over time,

which is written as

rp ¼ r0 þ
ðt

0

Uf t0ð Þ þ Um t0ð Þ
� 

dt0; (13)

where r0 is the initial location of the particle and t is the time coordinate. Note that both the

fluid velocity, Uf, and the magnetophoretic particle velocity, Um are dependent on position, and

so vary with time during the particle migration. We have excluded the contributions of gravity

and inertia in the particle velocity in Eq. (13). As per the manufacturers, the mass densities of

the original EMG 408 ferrofluid and the diamagnetic particles are 1.07� 103 kg/m3 and

1.05� 103 kg/m3, respectively, which yields a net gravity-buoyancy force of 1.28� 10�2 pN for

5-lm diameter particles. This force is two orders of magnitude smaller than the magnetic force

illustrated in Fig. 3, and can cause particle sedimentation at a speed of 0.27 lm/s at most.

Hence, the gravity effects are not considered. In addition, the largest flow rate in our experiment

is 960 lL/hr, equivalent to an average flow speed of 19.2 mm/s. Hence, the calculated particle

Reynolds number is only 0.024 even for the biggest 10-lm diameter particles we have used.

This value is at least 20 times smaller than the reported at which the cross-stream inertial parti-

cle motion is observed.63 Therefore, particle inertia is also neglected in our analytical model.

A custom-written MATLAB
VR

program was used to determine the particle position, rp, with

respect to time and to plot the particle trajectory. Totally 20� 10 (in the form of width� depth)

evenly distributed points were picked at the entrance of the microchannel as the initial particle
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positions. The integral of particle velocity over time in Eq. (13) was implemented by summing

the products of the particle velocity and the time step length at each time step. A sufficiently

small time step (0.1 ms) was chosen to ensure the accuracy of the computation. All parameters

involved in the 3D model are listed in Table I unless otherwise stated in Sec. IV.

IV. RESULTS AND DISCUSSION

A. Confirmation of three-dimensional magnetic deflection

To confirm the three-dimensional deflection of diamagnetic particles in ferrofluid flows, we

examined the particle motions with and without a permanent magnet on-chip in both the hori-

zontal (i.e., top view, more accurately, bottom view through an inverted microscope) and verti-

cal (i.e., side view) planes of the microchannel. In the experiment 5 lm particles were re-sus-

pended in 0.5�EMG 408 ferrofluid (i.e., the original ferrofluid was diluted to its half

concentration with pure water). A permanent magnet was either placed 2.2 mm away from the

microchannel (i.e., DL¼ 2.2 mm in Fig. 1(b)) at 2 mm upstream of the prism or simply taken

away from the microfluidic chip.

Fig. 4 compares the experimentally obtained snapshot (top row) and superimposed (middle

row) images with the theoretically predicted particle trajectories (bottom row) for both the top

((a1)–(a3)) and side ((b1)–(b3)) views. In the absence of the magnet, particles simply follow the

x-direction ferrofluid flow and cover the channel cross-section uniformly for the tested flow rates.

This is evidenced by the experimental images in Figs. 4(a1) and 4(b1), which are also indicated

by the predicted particle trajectories in both view planes. However, when the magnet is on-chip,

particles can only partially cover the width and depth of the channel due to magnetic deflection.

Moreover, as expected, this deflection decreases with increasing flow rate in both directions as

demonstrated in Figs. 4(a2), 4(a3), 4(b2), and 4(b3). We find that at a flow rate of 180 lL/hr

(equivalent to an average flow speed of 3.6 mm/s), particles are depleted in the half of the chan-

nel width [Fig. 4(a2)] and depth [Fig. 4(b2)] closer to the magnet center. In contrast, particles are

fully deflected in both the width and depth directions at a reduced flow rate of 45 ll/h, and

focused to a single file in the outer bottom corner of the microchannel (see Figs. 4(a3) and

FIG. 4. Demonstration of the three-dimensional deflection of 5 lm diamagnetic particles in 0.5�EMG 408 ferrofluid for

the cases of without magnet ((a1), (b1)) and with magnet at the flow rate of 180 lL/hr ((a2), (b2), equivalent to an average

flow speed of 3.6 mm/s) and 45 lL/hr (a3, b3, 0.9 mm/s). The top, middle, and bottom rows in each panel demonstrate the

snapshot image, superimposed image, and theoretically predicted trajectories of 5 lm particles, respectively. Note that the

few particles in (b3) that appear to be out of the downward deflected particle stream were immobilized on the channel

sidewall.
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4(b3)), the farthest from the center of the magnet. These experimental observations match the the-

oretical predictions qualitatively. A quantitative study of the factors that affect the diamagnetic

particle deflection in ferrofluid microchannel flows is presented in the following section.

B. Systematic study of horizontal magnetic deflection

1. Evolution of particle deflection

To understand how the magnetic deflection evolves when particles approach and move by

the permanent magnet, we studied 5 lm particle motions in 0.5�EMG 408 ferrofluid in a row

of five observation windows along the channel length with reference to the position of the mag-

net: 2.5 mm upstream (Window 1), 0 mm before (Window 2), center (Window 3), 0 mm after

(Window 4), and 2 mm downstream (Window 5). The relative positions of these observation

windows to the magnet can also be read from the x-coordinate values in Fig. 5(b). The magnet

was placed 1.33 mm away from the microchannel, and this distance was fixed in the rest of the

experiments presented below. Note that the larger magnet-channel distance (2.2 mm) in Fig. 4

is used for the purpose of lowering the ferrofluid flow speed at the full-width particle deflection,

which was found to facilitate side-viewing the particle motion in the channel depth direction.

Top-view images were taken for investigating the diamagnetic particle deflection in the hori-

zontal direction of the microchannel only.

Fig. 5(a) shows the top-view images in the five observation windows at a flow rate of

480 lL/hr. One can see that particles follow the fluid flow in Window 1 without noticeable

deviations, but acquire an apparent deflection in Window 2 when they approach the magnet.

This magnetic deflection grows continuously to about one half of the channel width as particles

move through the magnet region, which is clearly demonstrated by the images from Windows

3 and 4. It vanishes when particles move into Window 5. This trend can be explained by the

axial variations of the magnetic force, Fm,z, in Fig. 3. We also note that the acquired diamag-

netic particle deflection in Fig. 5(a) (Window 5) is comparable to that in Fig. 4(a2) while at a

much larger flow rate. This is attributed to the stronger magnetic field and field gradients within

the channel in the former situation as a result of the smaller magnet-channel distance. A quanti-

tative comparison between the experimentally measured (symbols) and theoretically predicted

(curve) widths of the focused particle stream is shown in Fig. 5(b). The experimental error in

FIG. 5. Lengthwise evolution of the diamagnetic deflection of 5 lm particles in 0.5�EMG 408 ferrofluid at a flow rate of 480

lL/hr (equivalent to an average flow speed of 9.6 mm/s): top-view snapshot (top row) and superimposed (bottom row) images

in five consecutive observation windows along the channel length (a); comparison of the experimentally measured (symbols)

and theoretically predicted (curve) widths of the particle stream along the floe direction (b). The relative positions of the five

observation windows (labeled as W.1-W.5) to the permanent magnet can be read from their x-coordinate values in (b).
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measuring the stream width is estimated to be about 10 lm. A good agreement is obtained for

the results in all five observation windows.

2. Effect of flow rate

As demonstrated in Figs. 4(a2), 4(a3), 4(b2), and (b3), the diamagnetic particle deflection dimin-

ishes with increasing flow rate. A more detailed study of this flow effect is given in Fig. 6. Three flow

rates (Q¼ 240, 480, and 960 lL/hr, symbols, see also the insets for superimposed top-view images)

were tested for 5 lm particle suspension in 0.5�EMG 408 ferrofluid, and the obtained widths of the

particle streams in Window 5 (i.e., 2 mm after the magnet, see Fig. 5) are compared to the theoreti-

cally predicted curve. We find that particles can be fully deflected when the flow rate is 240 lL/hr or

less, and the eventual width of the particle stream can be down to the particle diameter in principle.

This and as well the particle stream widths at 480 and 960 lL/hr are predicted with good agreement

by the analytical model. As indicated in Eq. (8), the particle deflection (i.e., channel width minus the

particle stream width) should be inversely proportional to the flow rate if the fluid velocity is much

greater than the axial magnetophoretic particle velocity. This condition is fulfilled as the induced

magnetic velocity is on the order of 100 lm/s while the lowest flow velocity we used in this experi-

ment is 4.8 mm/s (for 240 lL/hr). The relationship between the particle stream width and the inverse

of the flow rate is shown in the inset graph of Fig. 6, which is indeed approximately linear as

expected. The deviation is likely associated with the three-dimensional magnetic deflection and the

non-uniform fluid velocity over the channel cross-section.

3. Effect of particle size

Equation (10) indicates that the induced magnetophoretic velocity is proportional to particle

diameter squared. As a result, the magnetic deflection should be a quadratic function of particle di-

ameter if the fluid velocity is much greater than the axial magnetophoretic particle velocity. In

order to verify this size effect, we tested the magnetic deflection of diamagnetic particles of three

different diameters, 2.2, 5, and 10 lm, in 0.5�EMG 408 ferrofluid at a flow rate of 480 lL/hr.

Fig. 7 compares the experimental data (symbols and top-view snapshot images) with the theoreti-

cal curve for the stream width of particles of different diameters 2 mm after the magnet. Note that

the horizontal axis is the particle diameter squared. For 2.2 lm and 5 lm particles, the agreement

is good and the particle stream width indeed approximately scales with the square of particle diam-

eter. For particles larger than 8 lm the model predicts a full-width deflection and so the particle

stream width becomes equal to the particle diameter. This prediction is also verified by the

FIG. 6. Flow rate effect on the horizontal deflection of 5 lm diamagnetic particles in 0.5�EMG 408 ferrofluid. The symbols

represent the experimental data of particle stream width measured from the corresponding top-view superimposed images. The

curve is obtained from the 3D analytical model. The inset graph shows the particle stream width vs. the inverse of the flow rate.
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experimentally measured stream width of 10 lm particles, where in the inset top-view image all

particles line the channel sidewall.

4. Effect of ferrofluid concentration

The volume concentration of magnetic nanoparticles, /, affects the magnetization, Mf, and

viscosity, g, of ferrofluids, both of which are involved in Eq. (10) for magnetophoretic particle

velocity. For simplicity, we neglect the magnetoviscous effects64 and treat g as a linear function

of / via g¼ 10�3þ//60 (kg/m/s) in order to match the reported experimental value, 1.2� 10�3

kg/m/s, for the original EMG 408 ferrofluid (/¼ 1.2%).57 The viscosities for 0.5� (i.e.,

/¼ 0.6%) and 0.25� (i.e., /¼ 0.3%) EMG 408 ferrofluids are therefore calculated as 1.1 and

1.05 (� 10�3 kg/m/s), respectively. As Mf scales linearly with / [see Eq. (2)] which is to a

greater extent than the according change in g, the diamagnetic particle deflection in ferrofluids is

expected to be approximately proportional to /. This analysis is verified by Fig. 8, where the

FIG. 7. Particle size effect on the magnetic deflection in 0.5�EMG 408 ferrofluid at a flow rate of 480 lL/hr. The symbols

represent the experimental data of particle stream width measured from the corresponding top-view superimposed images

(only snapshot images are exhibited). The curve is obtained from the 3D analytical model.

FIG. 8. Ferrofluid concentration (i.e., the volume fraction of magnetic nanoparticles) effect on the diamagnetic deflection

of 5 lm particles at a flow rate of 480 lL/hr. The symbols represent the experimental data of particle stream width meas-

ured from the corresponding top-view superimposed images. The curve is obtained from the 3D analytical model.
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experimentally measured stream widths of 5 lm particles in ferrofluids of the above three concen-

trations (symbols and the inset images) closely match the theoretical prediction (curve).

V. CONCLUSION

We have performed a systematic study of diamagnetic particle deflection in ferrofluid flows

through a rectangular microchannel. It is found that diamagnetic particles can be deflected both

outwards and downwards over the channel cross-section, forming a focused particle stream

flowing near the corner that is the farthest to the center of the magnet and thus bears the small-

est magnetic field. This three-dimensional deflection grows as particles approach and move by

the magnet, where the effective range is within about 2 mm distance before and after the mag-

net in our experiment. The eventual particle deflection in the channel width direction has been

observed to increase with the decrease of flow rate or the increase of ferrofluid concentration

and particle size. We have also developed a three-dimensional analytical model to understand

and simulate the diamagnetic particle deflection in ferrofluid flows. The theoretical predictions

are found to agree with the experimental results quantitatively. It is anticipated that the demon-

strated particle deflection in the horizontal and vertical planes of the microchannel may be

exploited to realize a three-dimensional focusing of cells for microflow cytometry applications.
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